acetate-glucose diauxie, glucose utilization in the 5-thio-D-glucose-resistant mutants was subject to severe inhibition by acetate. These mutants did not exhibit the normal glucose phase of diauxie. Transport studies during diauxie indicated that glucose uptake was not induced in mutant strain AM2. However, increasing the glucose concentration from 25 to 200 mM relieved the severe acetate inhibition, and under these conditions the mutant strain AM2 exhibited normal diauxie. Revertants of mutant strain AM2 exhibited normal glucose and diauxie growth. The results are discussed in terms of a model for acetate regulation of glucose utilization in A. vinelandii.
We have been interested in obtaining Azotobacter vinelandii mutants that are defective for acetate or glucose utilization or both to better understand the regulation of acetate-glucose diauxie described for this organism (4) . A. vinelandii organisms can utilize glucose efficiently for growth. The biochemistry of glucose transport in membrane vesicles of this bacterium has been described (1-3). The active transport of D-glucose by membrane vesicles of A. vinelandii 0 is coupled to the oxidation of L-malate via a flavin-linked L-malate dehydrogenase (1, 3) . The In mammalian cells, TG affects transport of glucose, galactose, and neutral amino acids such as glycine (6, 17) and inhibits hexokinase (13) . In enteric bacteria such as Escherichia coli and Salmonella typhimurium, TG affects the phosphoenolpyruvate-dependent phosphotransferase transport system (7) . E. coli mutants resistant to TG can still grow on glucose but only half as well. Glucose is no longer used in preference to other sugars (11) , but rather is used simultaneously with other sugars, and adenylate cyclase activity is lower than in wild-type E. coli (10 not inhibited by TG (Fig. 1) . However, as the concentration of glucose in fructose media was decreased, the level of protection from inhibition by TG also decreased. No protection was conferred by the glucose analogs a-methylglucoside or 2-deoxy-glucose. Growth of wild-type A. vinelandii on maltose, benzoate, acetate, or galactose was not inhibited by TG. However, growth on sucrose was partially inhibited by TG.
Isolation of TG-resistant mutants of A. vinelandii. Growth of wild-type A. vinelandii on fructose was completely inhibited by TG at a concentration of 10 mM. At 2 mM TG slight growth (less than one doubling) occurred over a 24-h period in liquid medium. TG-resistant mutants were isolated as spontaneously resistant colonies on BM-fructose plates containing 10 mM TG. When wild-type A. vinelandii cells were spread on BM-fructose plates containing 10 mM TG, large colonies appeared upon a background growth of many small colonies. The background growth was greatly reduced when agarose was used to prepare the plates instead of agar. Three TG-resistant mutants, designated AM2, AM38, and AM39, were selected for further characterization.
The growth characteristics of the TG-resistant mutants was determined on a variety of carbon sources. Growth of the TG-resistant mutants was impaired on glucose. Generation times on glucose media were 10.5 h for strains AM2 and AM38 and 11.5 h for strain AM39 compared with 3.5 h for the wild type. Growth on maltose was also impaired in the TG-resistant mutants. These strains exhibited a generation time of 7 h on maltose compared with the 5 h for the wild type. Growth of the TG-resistant strains was normal on fructose, galactose, sucrose, sorbitol, mannitol, and xylitol. Mutant strain AM2 exhibited slow growth on glucose liquid media; however, when the cells were washed and suspended in fresh glucose medium no growth was detected.
Uptake of glucose by mutant strain AM2. Since the TGresistant mutant AM2 failed to grow well on glucose as the sole carbon source, we examined the transport of radioactive glucose in this mutant. Uptake of glucose was significantly decreased in mutant strain AM2. The mutant strain AM2 had a Km of 0.47 mM for glucose uptake compared with a Km of 0.15 mM for glucose uptake in the wild type. The Vmax for glucose uptake in mutant strain AM2 was 0.83 nmol/min per mg of cell dry weight, whereas for the wild type the Vmax was 2.22 nmol/min per mg (Fig. 2) . Poor growth of mutant strain AM2 on glucose can be related to altered transport kinetics for glucose. Transport of fructose and acetate was essentially the same for both mutant AM2 and wild-type A. vinelandii.
Uptake of acetate and glucose in mutant strain AM2 during diauxie. A. vinelandii exhibits diauxic growth in media containing both acetate and glucose. Under these conditions (Fig. 3) . Initially, transport of acetate was similar in both the wild type and the TGresistant mutant AM2 during the first 6 h of diauxie (Fig.  3A) . The ability of strain AM2 to transport acetate decreased during the next 12 h of diauxie ( Fig. 3B and C) . Unlike glucose transport in the wild type, glucose transport was never induced in the TG-resistant mutant AM2 under diauxie conditions (Fig. 3D through F) . However, increasing the concentration of glucose in the acetate-glucose diauxie media circumvented acetate inhibition of the glucose system. The usual concentration of glucose used in diauxie media was 25 mM. Increasing the glucose concentrations to 50 or 100 mM did not relieve acetate inhibition or induce the glucose system. However, when the concentrations of glucose were increased to 200 mM, mutant AM2 exhibited a characteristic transient diauxie lag which was followed by the characteristic glucose phase of growth. Interestingly, the wild-type A. vinelandii also showed a response to the elevated levels of glucose during diauxie. The wild type under these conditions did not exhibit a characteristic diauxie lag. The implications of this observation are discussed below.
Revertants of TG-resistant mutant strain AM2. When mutant strain AM2 was pregrown on glucose minimal medium (for which it has a long generation time), washed, and transferred to minimal glucose plates, small and large colony types appeared. We reasoned that the large colony type was a revertant having growth characteristics of the wild-type strain. Two strains, AM51 and AM52, were selected and further characterized. Both of these strains exhibited normal growth on glucose (Fig. 4A) . The generation time for these revertants on glucose was the same as for the wild type. Not only were these revertants able to grow on glucose normally, but they also exhibited diauxie growth (Fig. 4B) . This suggests that the process by which glucose metabolism is usually induced during diauxie had been regained by these revertants.
DISCUSSION
TG is an analog of D-glucose which has a sulfur atom in place of an oxygen atom in the pyranose ring. This analog affects the transport of glucose in eucaryotic and procaryotic cells and affects the transport of galactose and neutral amino acids such as glycine in mammalian cells (6, 13, 17) . Escherichia coli mutants have also been selected as resistant to TG and were defective for glucose growth and no longer used glucose in preference to other sugars (5, (7) (8) (9) 11 cyclase activity was also lower in the E. coli TG-resistant mutants (10) .
In this paper we describe the isolation and characterization of TG-resistant mutants of A. vinelandii that are defective for glucose transport. Wild-type A. vinelandii was sensitive to TG when grown on fructose; however, when glucose was present in TG-fructose media, cells were no longer sensitive to TG. Except for sucrose no other growth substrate tested induced TG sensitivity in A. vinelandii. In A. vinelandii glucose is actively transported (1, 2) , and the glucose carrier is highly sterospecific (3, 4) . As was observed in E. coli, TG-resistant mutants of A. vinelandii still transport glucose but at a much reduced rate. The TG-resistant mutants isolated in this study exhibited an increased Km and a decreased Vmax for glucose uptake. This change in kinetic properties for glucose transport contributed to an increased generation time for mutants growing on glucose.
We have shown that A. vinelandii exhibits diauxie when grown in media containing both acetate and glucose (4). The biphasic growth of A. vinelandii exhibited during diauxie results from the preferential use of acetate, which in turn inhibits expression of the glucose uptake system (4 
